Results of our measurements confirm our theoretical analyses which suggest that convective forces other than pure molecular diffusion impact the transport of 222 Rn through the water barrier. An effective diffusion coefficient is defined that includes effects of molecular diffusion and convection to describe the transport of radon in water. The effective diffusion coefficients measured in these experiments are 6.8×10 -4 ± 28% and 3.5×10 -4 ± 34% cm 2 sec -1 for the steady-state and transient diffusion conditions, respectively. Water barriers ranging in thickness from 30 -50 cm reduce the amount of radon released from the radium-bearing source material by a factor of 0.3 -0.1, respectively.
Abstract
The outcome of this research project suggests that the transport of radon in water is significantly greater than that predicted solely by molecular diffusion. The original study was related to the long term storage of 226 Ra-bearing sand at the DOE Fernald site and determining whether a barrier of water covering the sand would be effective in reducing the emanation of 222 Rn from the sand. Initial observations before this study found the transport of radon in water to be greater than that predicted solely by molecular diffusion. The radon diffusion coefficient in water cited by Adams [1964] is 1.13×10 r or -5 cm 2 s -1 at 18ºC. This value was taken from Róna [1917] which was determined indirectly by applying the Einstein-Stoke equation. Lide [2003] quotes the D W value given in Jähne et al. [1987] , which also referenced the work by Róna [1917] . and square marks refer to data quoted in Róna (1917) and Hackbusch (1979) , respectively, as cited by Jähne et al. (1987) .
The methodology for determining D w adopted in this research involved applying Fick's first law on diffusion to describe measurements of the concentration of 222 Rn at the source and the exit (sink) end of a tubular water channel. This approach is similar to methods used to determine the diffusion coefficient of 222 Rn in soil where the ratio of the 222 Rn flux to the gradient concentration is a constant and consists of the 222 Rn diffusion coefficient and soil properties, mainly the moisture content and porosity [Nielson, et al. 1982 ] . For soils, this constant is defined as the effective diffusion coefficient D S and is on the order of 10 -2 cm 2 s -1 for low soil moisture and as low as 2×10 -6 cm 2 s -1 in a saturated soil.
Our research project was an outgrowth of a preliminary study to measure radon transport through a water barrier suggested as a means to reduce 222 Rn emanation from two large concrete waste storage silos at the DOE Fernald site. These two silos formerly contained approximately 6,126 m 3 of pitchblende ore residues that contain approximately 4,740 Ci of 226 Ra, a significant source of 222 Rn. Formerly, a fraction of the 222 Rn would emanate from the silos and represented an exposure hazard for workers and the public. The conventional mathematical model used to evaluate the transport of radon through a barrier of soil usually treats the problem as one dimensional steady-state molecular diffusion given by Fick's law. Cohen [1979] has evaluated methods for determining the diffusion coefficients by simple laboratory measurements. Silker [1981] 
adapted
Cohen's method using a large scale radon attenuation test facility. Nielson et al. [1982] measured diffusion coefficients through the non-equilibrium or transient movement of radon through a sample material. Comparative measurements using air and soils showed good agreement with steadystate diffusion measurements.
Research Accomplishments
The main objective of the research was to describe the transport of radon in water, to predict what thickness of water barrier is required to obtain a certain level of attenuation of the radon flux, and to identify a source of convective energy that was observed to enhance transport beyond that predicted by molecular diffusion. A one-dimensional diffusion The PVC columns were filled with water to cover the radium-bearing waste to a depth of 10, 15, 20, 30, and 61 cm, respectively. The air volume above each water barrier was fixed and equal to 18.1 L. The radon concentration in the water was sampled at different depths using a 1 mL gas-tight syringe and measured for radon content by mixing with 15 mL of liquid scintillator. Fick's law, a one-dimensional, steady-state effective diffusion equation was used to model the transport of radon in the water. An effective diffusion coefficient for radon in water, D W , was adopted that includes all external forces that may impact transport. These external forces cause convection resulting in an effective diffusion coefficient D W , which is larger than the pure molecular diffusion coefficient for radon.
The value of D W is specific for these experimental circumstances, J is the flux of radon passing x and C is the free radon concentration at x and λ is the radon decay rate.
The general solution to this diffusion equation is where , , P and Q are constants that are determined by the boundary conditions of the system, i.e., C(0) = C 0 and or .
Applying these boundary conditions, the solution for radon concentration Newton's method was used to obtain D W for measured values of C h at h.
The expression for D W was also determined from the average 222 Rn concentration measured in the air above each water column thickness at equilibrium or C h (air). The value of C h was determined using Henry's Law,
where H is Henry's law constant 1 for Rn gas in water. The value of H can be expressed as the ratio of Rn gas concentrations at the air-water interface. At steady-state, the activity concentration (Bq/cc) for radon in air and water was also used to determine H. 
All the diffusion coefficients calculated using the one-dimensional steady-state diffusion equation were two orders of magnitude greater than the reference value, i.e. 1.13×10 -5 cm 2 sec -1 , which suggests the presence of convective forces in addition to diffusion. In this approximation, all mixing caused by the sampling process is averaged out as a single steady convection to fulfill to the concept of an effective rate of movement of radon.
The predicted and experimental results were equivocal, although it is recognized that external convective forces arising from the method of sampling caused radon transport to be greater than that produced solely by molecular diffusion. The value for D W obtained using the Henry's law constant is almost the same as the value obtained directly using the oneregion approach and validates the model based upon the Henry's law constant. This constant is also required in the two-region steady-state diffusion approach. The transient and steady-state transport of radon in water were evaluated using measurements of 222 Rn in air and water. At the end of the experiment, when radon in air achieved a steady-state concentration, samples of air were extracted from the space above the water surface and water was removed using a 1 ml gas-tight syringe at the air/water boundary. Alpha activity in each sample was counted in the liquid scintillation counter.
A three-region, one-dimensional, steady-state diffusion equation was used to model the transport of radon in water at steady-state for the physical conditions presented in the channel experiments. This is a more generic setup which can also be implemented to the two-region conditions.
The steady-state differential equations for radon diffusion in water and air at both ends of the water channel, respectively, are
where C 1 , C W and C 2 refer to radon concentration at location x in the air at the source side, in the water and in the air at the sink side with the diffusion coefficient D W (water) and D A (air); and λ is radon decay constant.
The solution to the three-region steady state diffusion equations for the water at the interface (x = 0) is If the known parameters are C b and C a instead of C h and C 0 , the expression becomes
Using the air concentration measurements in the source and sink, C bd and C ad , respectively, at some distance from each interface, the solution to the three-region diffusion equation becomes
Since radon transport in water is small compared to transport in soil, the method developed by Nielson et. al [1982] was adopted for this project.
The one-region, one-dimensional, time-dependent radon diffusion equation results for C h at various times will be compared to these theoretical curves.
1.E-4%
1.E-2% Since the two-region transient diffusion problem was very complex and difficult to solve, a correction factor was derived using the ratio of the radon concentration predicted by the steady-state two-region water and air problem (C 2R ) to that predicted by the steady-state one-region water problem (C 1R ). These two concentrations were derived previously. After simplification, the two-region correction factor becomes
This factor gives an exact correction for the final plateau region of the transient curves, and is multiplied by the source concentration. We have fabricated a prototype Benard cell and collected benchmark data.
Polished copper was used to manufacture two circular plates of 9.22 cm in diameter. A circular geometry was adopted to eliminate any local convection currents. A layer of fluid was held between the plates with the help of a 4.5 mm pixy glass spacer and circular seal (Figure 6 ). Thickness of the spacer was calculated to ensure that for the test temperatures convection would be the mode of heat transfer. Three 44000 thermistors were inserted in the groves on each plate to collect temperature data. In view of the slow response and high precision required for this application thermistors were found to be the best temperature sensors (Scarangella 2003i) . Three temperature measurements were averaged to maintain best accuracy. Data were collected using National Instrument High-Precision Temperature and Voltage Logger data acquisition card. A simple temperature regulator circuit was designed to control the bottom plate temperature within a fraction of a degree Celsius.
The apparatus was mounted between two insulation ceramic layers to minimize heat loss from the system. The perimeter edge was insulated using polystyrene foam.
The Raleigh-Bénard convection apparatus was loaded with the test fluid and positioned horizontally. Figure 7 shows the final apparatus enclosed in a polystyrene insulator. Measurements using this test apparatus resulted in development of a useful analogy model for convective heat transfer (Usman et. al. 2005) .
Additional work will include alpha convection. These experiments will remove the possible interference between the phenomenon of scalar transport and the source of radiation which was the same for radon experiment.
Results

Steady-State Diffusion
The results of determining D W for the two-and one region models are listed on shows the attenuation curve of radon in water using the two-region model and an average value of D W equal to 6.8×10 -4 ± 28% cm 2 s -1 . At very large t SS , the slope of the curve is very small, which makes it difficult to uniquely identify the time when a steady state condition is achieved. The 90% t SS value is easier to determine and was calculated with t = ∞ to obtain the 222 Rn concentration at steady state, C SS . The 90% concentration, C 90 is equal to 0.9 C SS . (Figure 7 ) The Newton method was used to determine the time to achieve C 90 , i.e. 90% SS . The diffusion coefficient for 222 Rn in water determined using the steady-state diffusion model was equal to 6.8×10 -4 ± 28% cm -2 sec -1 . The transient diffusion model leads to a diffusion coefficient equal to 3.5×10 -4 ± 34% cm -2 sec -1 . These values are independent of the activity of the source of 222 Rn in the range of 1 -176 kBq/cc and the length of the water channel in the range 30 -53 cm. Radon-222 emanation is reduced from 10% up to 36% for water channel lengths ranging from 30 cm to 53 cm.
The effective diffusion coefficient determined in this research is a result of pure molecular diffusion plus other sources of convective energy.
The pure molecular diffusion coefficient for 222 Rn cited in the literature ranges from 1.14×10 -5 to 1.56×10 -5 cm -2 sec -1 . The effective diffusion coefficients determined in this research reflects the average rate of the total transport mechanisms of radon in the water. 
